indicating that the largest magmatic episodes produced the largest amount of lower crustal interaction.
Introduction
Magma generation and evolution in continental arc settings is commonly explained in terms of flux-melting in the mantle wedge and differentiation processes in the upper crust. Interactions between mantle-derived melts and deep continental crust may also modify the chemical and volatile compositions of mag-a near-liquidus phase in mafic arc magmas at H 2 O > 5 wt.% and temperatures <1100 • C. At higher temperatures and lower water contents, plagioclase is the near-liquidus phase. In basaltic to andesitic magmas, plagioclase stability is suppressed and, instead, garnet is a near-liquidus phase at H 2 O > 5 wt.% and temperatures 850-1100 • C (e.g., Mercer and Johnston, 2008; Müntener et al., 2001) .
Unambiguous evidence for deep crustal melting and assimilation has been generally limited to settings where chemical and isotopic contrasts between mantle-derived melts and crust are high (e.g., Hildreth and Moorbath, 1988) . Where the deep crust is dominated by young mafic igneous rocks, however, crustal interaction is more difficult to trace with commonly used isotope systems such as Sr, Nd, Pb, Hf, and O (e.g. Bacon et al., 1994; 1997; Hildreth, 2007; Schmidt et al., 2008) . Moreover, crustal interaction may produce a chemical fingerprint that is difficult to distinguish from that of a subduction component (e.g. Ankney et al., 2013) .
Uranium-series isotopes offer a sensitive approach to discriminating between slab dehydration, mantle melting, and upper and lower crustal interaction (e.g. Bourdon et al., 2000; Turner et al., 1997; Zellmer et al., 2000; Berlo et al., 2004; Charlier et al., 2005; Yokoyama et al., 2006; Price et al., 2010) . The majority of lavas erupted from active oceanic and continental arcs have 238 U-excesses, interpreted to reflect metasomatism of the mantle wedge by U-rich slab fluids (Turner et al., 2003) . Significant 230 Thexcesses, however, are measured in some continental arc lavas, and are instead ascribed to a variety of magmatic differentiation processes, including accessory mineral crystallization in the upper crust (e.g., Reagan et al., 2003) and assimilation of lower crustal melts of garnet-bearing or garnet-free protoliths (e.g., Ankney et al., 2013; Jicha et al., 2009b) . The Cascades are commonly characterized as a "hot arc" based on the slow subduction of the relatively young Juan de Fuca and Gorda plates (Harry and Green, 1999; Wilson, 1988) . High melting temperatures for primitive lavas are expected to promote extensive melting and assimilation of lower crust (e.g., Conrey et al., 2001; Elkins-Tanton et al., 2001) . In contrast, previous work at Mt. Shasta argues against crustal interaction and, instead, ascribes chemical and isotopic variations in the more evolved stratocone lavas to a combination of variable slab contributions and magma mixing (Grove et al., 2005) . In this study, we integrate the large chemical and isotopic database of the Mt. Shasta volcanic field with new U-Th and Sr isotope measurements to investigate potential mechanisms of 230 Th-enrichment, and to better constrain the influence of crustal interaction in magma generation and evolution of the stratocone andesites and dacites at Mt. Shasta. Combined, these data suggest extensive crustal interaction in both lower crustal and upper crustal regions, the magnitude of which correlates with eruptive volume.
Geologic setting
Mt. Shasta is the largest stratovolcano in the Cascades (e.g., Calvert and Christiansen, 2011) . The present-day edifice has been constructed by at least four major cone-building events (Fig. 1) . Basement rocks include the Paleozoic Trinity Ophiolite, as well as the Paleozoic and Mesozoic arc complexes of the Klamath mountains Stanley et al., 1990) . Following the destruction of the ancestral cone (Sand Flat, ∼700-400 ka) in one of the largest known debris avalanches (∼45 km 3 ; Crandell, 1989) , early volcanism at Mt. Shasta began about 2 km south of the present-day summit. Active from ∼300-125 ka, the Sargents Ridge cone has an estimated eruptive volume of 85 km 3 . Initiation of the Misery Hill eruptive phase (60 km 3 ) is marked by 114 ka lavas exposed on the eastern flank of the edifice, but is largely identified by units of 60 to 11 ka age and younger. The total eruptive volume at Mt. Shasta is estimated to be 500 km 3 over the last ∼300 kyr.
Volcanism at Mt. Shasta is characterized by brief periods of intense activity during which lavas and pyroclastic flows were erupted, followed by apparent intervals of repose. Two-pyroxene andesites (60-63 wt.% SiO 2 ) constitute nearly 90% of the eruptive products. Basalts (<52 wt.% SiO 2 ) and basaltic andesites (52-54 wt.% SiO 2 ) were dominantly erupted from flank (<2000 m elevation) and regional vents, whereas dacites (63-66 wt.% SiO 2 ) were emplaced as flows and domes and are more concentrated near the summit. Many andesites and dacites have low FeO/MgO ratios and, therefore, may have unusually high  where Mg# = 100 * Mg/(Mg + Fe)) at high SiO 2 (see Figs. A.1B, C), although Fe/Mg ratios may vary in evolved rocks. Each eruptive phase produced a wide range of large-ion-lithophile element contents (e.g. Sr and Ba), and similar variability is measured for other incompatible elements, including U, Th, and Rb (see Fig. A .2). Rare earth element abundances (REE) in the stratocone andesites and dacites are characterized by light REE (LREE) enrichments accompanied by heavy REE (HREE) depletions (see Fig. A.3) .
Interpretations of previously published major-and traceelement contents, as well as volatile and isotopic compositions vary at Mt. Shasta. Some studies argue for a large subduction component and limited crustal interaction (e.g. Grove et al., 2002 Grove et al., , 2005 , whereas others infer extensive assimilation of crust (e.g. Streck et al., 2007) . High pre-eruptive H 2 O contents (4-6 wt.%) are inferred for primitive basaltic andesite (BA) and primitive magnesian andesite (PMA) lavas based on phase relations, experimental petrology, and olivine-hosted melt inclusions (Grove et al., 2002; Le Voyer et al., 2010; Ruscitto et al., 2011) . Similarly high volatile contents are inferred for intermediate-composition lavas erupted from the main cone of Mt. Shasta (Grove et al., 2005 (Grove et al., , 2003 . Significant upper crustal assimilation in these stratocone lavas has been dismissed based on low FeO/MgO ratios at high SiO 2 (see Fig. A .1, Grove et al., 2005) . The range of Li, B, Sr, Nd, and Pb iso-tope compositions has been taken to be consistent with subduction processes, including subducted sediment, slab-fluid addition, or residue from fluid-fluxing in the mantle wedge (Grove et al., 2002; Le Voyer et al., 2010; Magna et al., 2006; Rose et al., 2001; Ruscitto et al., 2011) .
In contrast, Streck et al. (2007) assert that the complex phenocryst assemblage of regional PMA lavas near Mt. Shasta indicates contributions from dacitic, basaltic, and ultramafic components, including those obtained from assimilated continental crust. These authors argue that the high Sr contents and high Sr/Y ratios (Fig. A.2E, F ) cannot be produced by fractional crystallization of primitive mafic magmas that have relatively low Sr, Sr/Y, and abundant plagioclase as a liquidus phase, and instead require a lower crustal contribution that may have involved melting of amphibolebearing crust and destabilization of plagioclase, releasing Sr into the melt. This scenario has been proposed elsewhere in the Cascades (Ankney et al., 2013; Conrey et al., 2001) , and for other arcs (Ducea and Saleeby, 1998; Garrison and Davidson, 2003) .
Results
We first report the 238 U-230 Th results from 29 stratocone and regional lavas from the Mt. Shasta region, followed by new Sr isotope data, with comparison to results from previous studies. Details on sample selection and analytical methods are given in Appendix B (supplemental material).
U-Th isotopes
The regional and stratocone lavas from Mt. Shasta have variable U-Th isotope compositions but fall within the range of those reported for other Cascade lavas (Fig. 2 , Bennett et al., 1982; Trimble et al., 1984; Newman et al., 1986; Volpe and Hammond, 1991; Cooper and Reid, 2003; Reagan et al., 2003; Berlo et al., 2004; Dosseto et al., 2008; Jicha et al., 2009b; Ankney et al., 2013 
Sr isotopes
Strontium isotope compositions for the Mt. Shasta lavas analyzed in this study vary from 0.7029 to 0.7038 (Fig. 3) , spanning a range comparable to that reported for other Shasta area lavas (0.7029-0.7043; Grove et al., 2002; Zeichert, 2004) and the Cascades (0.7028-0.7043; Bullen and Clynne, 1990; Leeman et al., 1990; Bacon et al., 1997; Borg et al., 1997; Jicha et al., 2009a (Bullen and Clynne, 1990; Bacon et al., 1997; Borg et al., 1997; Jicha et al., 2009a) 
Discussion
We focus our initial discussion on the U-Th isotope compositions of the stratocone lavas to explore potential mechanisms of 230 Th-enrichment at Mt. Shasta, including accessory mineral fractionation and crustal melting. Next, we apply non-modal batch melting and mixing models to U-series and trace-element data to distinguish the relative proportions of crust and mantle components between, and within, eruptive units. Finally, Sr isotopes are integrated with U-Th data to constrain the isotopic compositions of mafic precursor magmas and to identify heterogeneities in the crustal column beneath Mt. Shasta. Individual fractional crystallization models for zircon and apatite are based on Rayleigh fractional crystallization. Initial U and Th contents for fractional crystallization models are based on the average composition of basaltic andesite at Mt. Shasta and are estimated to be 0.77 and 1.94 ppm, respectively. Refer to Section 4.1.1 for U and Th partition coefficients in zircon and apatite. We note that the amount of 230 Th-and 238 U-excess created at a given percent zircon or apatite crystallization is dependent on the choice of U and Th partition coefficients, although reasonable amounts of crystallization are only achieved at very high U and Th partition coefficients, respectively. See Appendix D.1 for a more complete discussion of model parameters.
Mechanisms for creating
230 Th-excesses. At Mt. Shasta, fractional crystallization models indicate that subtraction of 0.3% by mass of zircon from a parental magma can produce the largest 230 Th excess observed at Shasta ( Fig. 4 ; Appendix D.1). Although this may seem a small, and therefore reasonable extent of crystallization, subtraction of this amount of zircon would require a parental magma that initially contained 1609 ppm Zr to produce a fractionated lava that had 116 ppm Zr, the average of that measured for Mt. Shasta andesites. There is no evidence in any Cascade lava for parental magmas with such high Zr contents (Bacon et al., 1997; Borg and Clynne, 1998; Bruggman et al., 1987; Conrey et al., 2001; Grove et al., 2002; Zeichert, 2004) . Uranium and Th contents of Mt. Shasta lavas further demonstrate that it is unlikely that zircon fractionation can be invoked as a mechanism for generating the observed range of 230 Th-excesses. In all eruptive units, magmas were more extensively depleted in Th relative to U ( We next consider the possibility of zircon crystallization in concert with another accessory mineral, such as apatite, to explain the unexpectedly low Th/U ratios. Unlike zircon, apatite favors Th slightly more than U (D U = 1.9, D Th = 2.82, Condomines, 1997) , and high degrees of apatite crystallization can generate low Th/U ratios. Assuming subtraction of 0.3% by mass of zircon, fractional crystallization models require more than 25% apatite crystallization to replicate the measured Th/U ratios (yellow model line, Fig. 5 ; Appendix D.2). High proportions of apatite crystallization, however, negate the 230 Th-excess produced by zircon crystallization, push the lavas into 238 U-excess, and would produce very low P 2 O 5 contents. Considering all available data, the range of Zr (25-175 ppm) and P 2 O 5 (0.10-0.41 wt.%) contents in the Mt. Shasta lavas (Grove et al., 2005 (Grove et al., , 2002 Zeichert, 2004 ) permit less 0.035% zircon and 1.47% apatite crystallization, assuming that all Zr and P 2 O 5 is partitioned into zircon and apatite, respectively. At these proportions, zircon crystallization depletes U contents only minimally and produces less than 1% 230 Th-excess. An absence of zircon fractiona- Dotted lines illustrate the effects of variable proportions of zircon and apatite crystallization from a parental magma on U and Th contents: 0.3% zircon and 0% apatite crystallization (blue), 0.3% zircon and 15% apatite crystallization (green), and 0.3% zircon and 25% apatite crystallization (yellow). Fractional crystallization models are based on Rayleigh fractional crystallization, and, given similarly low partition coefficients for U and Th in major phases, crystallization models are simplified to assume that all U and Th are partitioned into zircon and apatite. Distribution coefficients and starting compositions are as in Fig. 4 . The amount of apatite crystallization required to reproduce Th/U trends of the Mt. Shasta lavas at 0.3% zircon crystallization is dependent on the Th/U ratio of the starting composition and the partition coefficients of U and Th in zircon and apatite. tion is further supported by petrographic observations that failed to identify zircon in Shasta lavas (R. Christiansen, person. commun.). In addition, low zircon saturation temperatures calculated for the stratocone andesites and dacites (697-747 • C; Boehnke et al., 2013) , in combination with high estimated liquidus temperatures >800 • C for the majority of Shasta magmas (Grove et al., 2005) , indicate that Shasta magmas were under-saturated in Zr. We conclude, therefore, that the large range in Th/U ratios for Mt. Shasta samples cannot be produced by accessory mineral fractionation. Such a conclusion holds for crystal fractionation of accessory minerals at liquidus temperatures, or separation of magmas from a crystal-rich mush. We instead interpret Th-U variations in the stratocone lavas to, in part, reflect mixing of evolved magmas with a more mafic component, as will be discussed in the following section. Petrographic evidence in support of mixing includes anomalously mafic pyroxene and olivine grains in dacites, as well as pyroxenes that have low Mg# cores (65-72) which are mantled by high Mg# rims (85-92) (Newman et al., 1986; Streck et al., 2007) . Fractional crystallization models and phenocryst mineral compositions identify primitive PMA and BA lavas as possible mafic inputs, and suggest that derivative liquids that were compositionally similar to the McKenzie Butte rhyodacite and an evolved PMA represent end-member compositions that may be invoked in mixing models (Grove et al., 2005) .
4.1.2.
230 Th-excess generated from cryptic garnet fractionation in the lower crust The failure of accessory phase fractional crystallization models to explain the 230 Th-excesses measured in the intermediatecomposition stratocone lavas means that a different explanation must be sought. Most arc lavas are highly differentiated and have mineral assemblages that are the product of shallow, relatively late crystallization processes (Davidson et al., 2007) . Here we consider minerals other than those observed in erupted lavas as a possible control on Th/U ratios, including cryptic mineral fractionation in the mid-to lower-crust (e.g., Lee et al., 2006; Davidson et al., 2007; Hidalgo and Rooney, 2010 230 Th-excesses may be produced (Ankney et al., 2013; Hidalgo and Rooney, 2010; Jicha et al., 2009b) . Although garnet is a near-liquidus phase in basaltic to andesitic composition magmas at upper mantle and lower crustal pressures (0.8-1.2 GPa) and temperatures (800-1000 • C, Alonso-Perez et al., 2009; Müntener et al., 2001) , phase equilibria studies suggest that garnet is unlikely to be on the liquidus in parental Cascade magmas (Mercer and Johnston, 2008) . Dehydration melting of mafic amphibolite, however, can produce garnet in the residuum at pressures (1-1.25 GPa) and temperatures (850-1000 • C) appropriate for the lower crust beneath the Cascades, as demonstrated by vaporabsent melting experimental studies (e.g., Rapp and Watson, 1995; Sen and Dunn, 1994; Wyllie, 1994, 1993 (950 • C, 10 kbar; Wolf and Wyllie, 1993) (1) Consequently, dehydration melting provides a mechanism for producing a garnet signature where garnet was not initially present in the crust. Moreover, this reaction may influence the traceelement compositions of magmas in equilibrium with the residue, specifically Sr enrichment due to plagioclase breakdown and high LREE/HREE ratios due to residual garnet.
Garnet and lower crustal melting processes have been found to influence magma chemistry at other Cascade centers, including Crater Lake (Ankney et al., 2013) , Mt. Adams (Jicha et al., 2009b) , and Mt. Jefferson (Conrey et al., 2001) . To evaluate the role of garnet in producing 230 Th-excess at Mt. Shasta, non-modal batch melting models were applied to both lower crustal and mantle sources according to the methods of Ankney et al. (2013) . For lower crustal melting, we selected an amphibolite composition that has a modal mineralogy equivalent to the starting materials in equation (1). A spinel lherzolite was chosen as the mantle source, using a starting composition of 51% olivine, 23% clinopyroxene, 21% orthopyroxene, and 5% spinel. Multiple melting mode ( P ) values for lower crustal and mantle melts are the same as those used by Ankney et al. (2013) . The melting reactions for lower crustal P values were determined from modal compositions in equation (1) and crustal components are based on Ankney et al. (2013) . Initial U and Th contents of the mantle and lower crust are estimated to be 0.05 and 0.145 ppm and 1 and 2.33 ppm, respectively. Both the mantle and lower crust are assumed to be older than 300 kyr and therefore lie on the equiline. The lower crustal component is constrained by Crater Lake data which converge on ( 238 U/ 232 Th) = 1.30 (Ankney et al., 2013) and is taken to be the composition of the bulk crust. U-series data from Mt. Adams basalts (Jicha et al., 2009b) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Wyllie, 1994, 1993) . Accordingly, calculations involving non-modal batch melting models produce high 230 Th-excesses at high percent amphibolite melt, up to 34% at X melt lower crust = 0.2 (Fig. 6) , where large quantities of garnet are produced. Garnet is not generated by melting spinel lherzolite (Eq. (2) 
230 Th-excess-Ce/Y relations and deep crustal processes
The range of 230 Th-excess between eruptive units at Mt. Shasta may be explained by mixing variable crustal melt fractions to a mantle-derived melt (Fig. 6) , although, in detail, a third component is required. Assimilation of "old" bulk crust that lies along the equiline, in addition to young, garnet-bearing crust, is a more likely explanation for lavas that have moderate 230 Th-excesses (lie close to the equiline) than very low percent (<1%) crustal melting, given the difficulty of extracting small melt fractions (e.g. Bourdon et al., 2000; Price et al., 2007 Price et al., , 2010 (Newman et al., 1986; Grove et al., 2005) . It is important to note that, in this combined melting-mixingassimilation model, the ( 230 Th/ 238 U) 0 ratios calculated for the modeled mixture, and therefore the predicted fractions of bulk crustal assimilation, are highly dependent on the distribution coefficients of U and Th in garnet. Accordingly, both the process (e.g., mixing or assimilation fractional crystallization) and extent of bulk (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) crustal assimilation cannot be robustly quantified without independent constraints (Figs. 7, A.5) . Instead, this model demonstrates that lower ( 230 Th/ 238 U) 0 ratios relative to those predicted by models of garnet production during lower crustal melting likely result from a combination of variable deep crustal residence times and bulk crustal assimilation.
Constraints on the proportions of mantle and crustal component
Although there is a wide range of ( 238 U/ 232 Th) ratios for individual units, the ( 230 Th/ 232 Th) 0 ratios of different cone-building stages are relatively constant (Fig. 6 ). Early U-series studies of the Cascades observed that young (<10 ka) lavas from the same volcano maintained constant ( 230 Th/ 232 Th) 0 over a range of ( 238 U/ 232 Th), and consequently hypothesized that the reservoirs feeding each volcano must be homogeneous with respect to Thisotope compositions (Newman et al., 1986) . Our high-precision data display similar trends at Mt. Shasta over a range of ages, suggesting that Th isotope homogeneity exists on the scale of individual cone-building stages. We interpret the homogeneous ( 230 Th/ 232 Th) 0 of individual cone-building stages, which produce distinct horizontal arrays on an equiline diagram (Fig. 6) , to correspond to distinct mixing proportions of mantle and lower crustal (high 230 Th-excess) melts that are apparently characteristic of specific cone-building stages. This in turn suggests that the nature of magmatic reservoirs that were tapped by successive cone-building stages was fundamentally determined in the lower crust. Barnes et al., 1992) and BCA 2 
Sr-Th relations and injection of precursor magmas
Strontium isotopes can be used to further constrain the proportion of mantle and lower crustal melt components, defined in Section 4. Grove et al. (2002) , Zeichert (2004) , and this study.
(up to 0.7045; Fig. 3 
Conclusions
Continental arc lavas are often described as the products of flux-melting in the mantle-wedge and differentiation processes in the upper crust. Interactions between mantle-derived melts and deep continental crust, however, may also influence the chemical and volatile compositions of magmas, although this contribution is difficult to identify where the deep crust is compositionally similar to parental arc magmas. At Mt. Shasta, previous models for magma generation and evolution of the stratocone lavas have dismissed significant crustal interaction, and instead attribute incompatible element enrichments and isotopic variability entirely to a subduction component (Grove et al., 2005) . The new U-Th and Sr isotope measurements of this study, combined with the existing chemical and isotopic database from the Mt. Shasta volcanic system indicate extensive interaction in both lower-and upper-crustal regions.
A paucity of 238 U-excess and low, MORB-like 87 Sr/ 86 Sr ratios argue against contributions from the subducting slab as the sole source for many trace elements. Instead, we ascribe the large 230 Th-excesses (up to 20%) and high Ce/Y and Sr/Y ratios of the stratocone andesites and dacites to assimilation of partial melts from a mafic amphibolite lower crust where garnet was produced in the residuum. Dehydration melting processes in the deep crust may also contribute a portion of the volatiles, as sampled by olivine-hosted melt inclusions, and fluid mobile elements (Grove et al., 2003 (Grove et al., , 2002 Le Voyer et al., 2010; Ruscitto et al., 2011 suggests that variable Sr isotope compositions in the Mt. Shasta lavas are unlikely to be exclusively inherited from magma generation processes in the mantle and may be a consequence of assimilation of crust that is laterally variable in isotopic compositions. If future work confirms that 230 Th-excess is a characteristic feature of Cascade lavas, we suggest that interaction with the lower crust has a greater effect on magma chemistry throughout the Cascades than previously thought. Moreover, the comparatively dry nature of this arc may offer a unique opportunity to understand the influence of the lower crust in continental arc settings. In other young arcs, it is also likely that the deep crust exerts some control on magma composition, but a large subduction component may mask any lower crustal signature and produce lavas with 238 Uexcess.
